To investigate the function of Sept4 proteins in vivo, generate a complete loss-of-function mutant, we eliminated virtually the entire Sept4 genomic locus (Figure we generated a Sept4 deletion in the mouse germline, thereby eliminating all transcripts generated at this lo-1D). Successful targeting was confirmed by Southern blot analysis of PstI-digested genomic tail DNA, showcus. Homozygous mutant mice were viable and displayed no overt aberrations compared to wild-type (wt) ing the presence of the diagnostic 3.9 kb genomic fragment ( Figure 1E , left panel). To confirm the absence of mice. However, mutant males were sterile due to an essential requirement of Sept4 proteins during the postdifferent Sept4 proteins in homozygous mutant mice, we probed protein extracts derived from the cerebellum meiotic stages of spermatogenesis, known as spermiogenesis. Mutant sperm had several distinct structural with an antibody raised against a peptide from exon 1 (generous gift from S. Yanagi) ( Takahashi Figure S2 ). The signal by using a probe spanning exons 3-6, common to all was specifically localized to postmeiotic stages, and isoforms, showed the highest Sept4 expression in brain transcripts accumulated in round spermatids, indicatand testis and, to a lesser extent, in heart, lung, and ing that Sept4 is specifically expressed during postmeikidney ( Figure 1C) . Rehybridization of the filter with a otic differentiation and the process of spermiogenesis. probe specific to the unique C terminus of mARTS confirmed the expression of ARTS mRNA in testis ( Figure  1C) , with its level of expression ranging from 20%-40%
Lack of Motility and Structural Defects in Sept4 Mutant Sperm of the full-length septins, depending on tissue type ( Figure 1C, lower panel) . In addition, RT-PCR on testis Microscopic examination of sperm removed from the cauda epididymis of Sept4-deficient males revealed a and brain RNA with a primer specific for the unique C terminus of mARTS also confirmed the presence of a complete lack of motility by these gametes (Movies 1 and 2). In addition, about 50%-70% of mutant sperm transcript encoding the ARTS protein isoform in both tissues ( Figure S1B) . The large size of the testis trandisplayed a severe bending of the tail region, typically at 180°, suggesting a structural defect caused by the scripts appears to be due to tissue-specific splicing and the presence of unique 5# and 3# UTRs in testis, Sept4 mutation. To stage the onset of these abnormal phenotypes, we isolated spermatozoa from the testis consistent with the unique regulation of transcription in spermatogenesis (Sassone-Corsi, 2002). Finally, we as well as the three regions of the epididymis (caput, corpus, cauda). As shown in Figure 3 , wt sperm showed used a Sept4-GFP reporter mouse strain to investigate the temporal regulation of Sept4 transcription during occasional modest bending in the caput epididymis, usually associated with the location of the cytoplasmic spermiogenesis (Figure 2, see below) .
To investigate the function of Sept4 proteins in the droplet (asterisk, Figure 3A) . Further passage through the epididymis resulted in the typical linear morphology mouse, we used a standard gene targeting strategy. To ( Figures 3B and 3C) . The Sept4 null sperm isolated from testis, onset of severe bending did not occur until the sperm entered the corpus epididymis ( Figure 3H ). By testis (not shown) or from the caput epididymis did not display the 180°bend in the tail seen in cauda sperm, the time sperm reached the cauda epididymis, 50%-70% displayed this morphological bending ( Figure 3I ). but a defect was detected at the midpiece-principal piece junction. By light microscopy, a thinning of the Sperm isolated from heterozygote animals revealed an intermediate phenotype, with many sperm showing tail diameter was seen in this region ( Figure 3G, arrow) , suggesting a defect during the late stages of spermatoan L-shaped morphology (20%-30%) and a failure to straighten during their passage through the epididymis genesis, known as spermiogenesis. Although mutant sperm displayed this structural feature already in the ( Figures 3D-3F) . However, the fertility of heterozygote Figure S3A ). To investigate if the observed mitochondrial phenotype is restricted to testis, we performed EM analysis on mitochondria of heart and liver in Sept4-deficient mice. Mitochondrial architecture and morphology in these tissues did not differ between Sept4 null and wt animals ( Figure S2 ). This suggests that mitochondrial Sept4 proteins are required for mitochondrial integrity in a tissue-specific manner. erally, staining with this antibody is restricted to cells that are doomed to undergo apoptosis. However, mature spermatozoa isolated from testis and caput epididtant sperm contained fewer cristae and hence possessed less membrane material ( Figures 5C, 5D , and ymis showed readily detectable active caspase3 staining in ctyoplasmic droplets, demonstrating that an 5F); thus, they often displayed a single membrane spanning across the mitochondrion (asterisk in Figure  apoptotic effector caspase is indeed activated during mouse spermiogenesis (Figures 6D-6F ). Active cas-5C). Additionally, in contrast to the highly homogenous size of mitochondria in wt, mitochondria in the Sept4 pase3 staining was also seen in cyptolasmic droplets of spermatozoa from Sept4 null males ( Figure 6F IAP antagonist would be expected to result in reduced ated with the neck region and did not migrate toward the annulus after the bulk cytoplasm was removed. caspase3 activity, but not necessarily in reduced caspase3 activation. To further investigate this possibility, Taken together, these findings support the model that Sept4/ARTS antagonizes IAPs and thereby derepresses we examined the expression of XIAP in spermatids by immunofluorescence staining (Figure 6 ). Interestingly, active caspases, which in turn contribute to the removal of cytoplasm during mouse spermiogenesis. XIAP expression was detected in cytoplasmic droplets in a pattern virtually identical to active caspase3 staining ( Figure 6G and 6H) . In wt cauda sperm, there was Loss of Capacitation Potential in Sept4 Mutant Sperm only weak staining associated with the cytoplasmic droplet at the annulus (Figure 6G, arrow; Figure S4 ).
Retention of Cytoplasm during Sperm Maturation in
The potential of sperm to fertilize an oocyte is acquired during its passage through the epididymis (Hunnicutt However, mutant cauda sperm showed significantly higher intensity of XIAP staining, both in cytoplasmic et al., 1997). We investigated if Sept4 null sperm underwent the molecular changes in the epididymis necdroplets and in the midpiece region of bent sperm, where we never detected significant XIAP staining in wt essary for fertility, or if the observed sterility was simply caused by the lack of motility. The fertilization potential ( Figures 6H and 6I) . Since higher XIAP levels are expected to interfere with caspase3 activity, these obserof sperm is associated with its capability to sequentially undergo capacitation and the acrosome reaction, vations are consistent with the idea that caspase3 promotes the removal of excess sperm cytoplasm. To two stages of sperm maturation that occur in the female genital tract in preparation for fertilization. During further investigate the role of Sept4 in the removal of residual sperm cytoplasm, we analyzed the localization capacitation, sperm become hypermotile, many proteins are phosphorylated, and membrane proteins and of cytoplasmic droplets during migration through the epididymis from males of all three genotypes. . In contrast, even baseline tyrosine phopshorylation in uncapacitated cauda sperm was absent in the muviously shown to have high Sept4 expression, like heart and brain. However, our study revealed specific roles tant, and no additional phopshorylation events were observed after β-cyclodextrin stimulation.
of Sept4 proteins in murine sperm that cannot be compensated for by the function of other septins. First, none of our mutant male mice were able to sire offDiscussion spring, although their mating behavior, testicular and epididymal morphology, and the number of mature To investigate the function of the Sept4 septin locus in sperm produced were normal. Sept4 function appears the mouse, we generated a targeted deletion on chroto be specifically required during the postmeiotic mosome 11 eliminating the entire coding region of this stages of terminal sperm differentiation, as indicated by locus. Our study shows a strict requirement for Sept4 the tightly regulated expression pattern during mouse during the late stages of spermiogenesis and points tospermatogenesis, just prior to sperm terminal differenward an evolutionary conserved function of these protiation. In the absence of Sept4 proteins, no annulus teins in this highly specialized tissue in mammals.
was formed. The annulus is a ring-like structure comSome of the Sept4 mutant phenotypes that we obposed of filamentous material at the junction between served can be explained based on the traditional view the middle and principal piece of the sperm tail. Alof septins as filamentous proteins, but our data also though it has been recognized for several decades, its support a physiological role of this locus in caspase exact nature and biology has remained elusive (Clerregulation.
mont et al., 1993). Based on morphological observaTo date, the analysis of septin function in vivo has
tions, an active role for the annulus in establishing mitobeen complicated by the complex interaction between chondrial distribution has been suggested (Phillips, septin family members in formation of the septin cy-1977). However, our data indicate that many aspects of toskeleton (Kinoshita, 2003) . For instance, analysis of spermiogenesis can proceed without the annulus. MitoSeptin5-deficient mice revealed compensation of Sepchondrial migration and overall alignment along the midtin5 function through alterations in the expression profiles of other septin genes, resulting in no phenotypic piece were not affected, although mitochondria in fects that are consistent with abnormal mitochondrial fission. Mitochondria are highly dynamic organelles that undergo fission and fusion depending on the developmental and physiological state of the cell (Karbowski and Youle, 2003; Yaffe, 1999). During spermiogenesis, mitochondria undergo a dramatic reorganization in the midpiece of the sperm tail, resulting in a helical alignment of similarly shaped and sized organelles along the cytoskeletal components of the sperm axis, referred to as the mitochondrial sheath. In contrast to the homogenous, regular appearance of mitochondria in wt, mitochondria in Sept4 null sperm appeared disorganized and heterogeneous in size, and they had reduced amounts of cristae. These defects could stem from partially defective fission or fusion events that take place prior to mito- Another striking phenotype of Sept4 mutant mice was the retention of cytoplasmic droplets at the head Sept4 null animals were of more heterogeneous size and neck region of mutant sperm. During mammalian than in wt (see below). The main defect associated with spermiogenesis, round spermatids elongate and difthe lack of the annulus was a severe bending of the ferentiate into mature spermatozoa. At the late stages sperm tail. during this differentiation process, the bulk of cytoThere are several additional distinct structural deplasm of elongating spermatids is moving toward the fects that are likely to contribute to male infertility. For head and neck region and is being shed, leaving behind one, Sept4 mutant sperm do not develop the ability to residual cytoplasm referred to as the cytoplasmic dropswim, a function that is acquired during passage let (Clermont et al., 1993) . Retention of excess cytothrough the epididymis, indicating that mutant sperm is plasm has been associated with a variety of human innot undergoing molecular changes for proper maturafertility syndromes (Cooper, 2005) . During migration of tion. To investigate if other epididymal functions are sperm through the mouse epididymis, the cytoplasmic lost, we investigated the capacitative ability of mutant droplet typically moves toward the annulus region sperm during epididymal transit. The molecular events (Cooper and Yeung, 2003) . In Drosophila, elimination of regulating this process were shown to result in a charthe bulk cytoplasm during late spermiogenesis involves acteristic phosphorylation profile generated in a protein an apoptosis-like mechanism and requires caspase ackinase A-dependent manner, yet the exact biochemical tivity (Arama et al., 2003) . Intriguingly, the retention of pathway remains poorly understood (Visconti et al., cytoplasm in sperm from Sept4 mutant males is overall 1995). Sept4 mutant sperm are unable to acquire these similar to defects seen upon inhibiting caspase activity characteristic changes during epididymal transit, as in Drosophila sperm. Like in Drosophila, caspase3, an even basal levels of tyrosine phosphorylation are abapoptotic effector caspase, is activated in postmeiotic sent, indicating that upstream signaling events, which germ cells. Generally, active caspase3 is only detected confer sperm maturation, are not activated. Sperm are in cells that are destined to undergo apoptosis. Therehighly compartmentalized, and the distribution of some fore, it is tempting to speculate that, analogous to the proteins changes from the principal piece of the tail to situation in Drosophila, this apoptotic effector caspase a diffuse pattern throughout the sperm during the cacontributes to the removal of bulk cytoplasm, and that pacitation process (Cesario and Bartles, 1994; Myles the retention of cytoplasm results from insufficient and Primakoff, 1984). The annulus was proposed to caspase activity. Significantly, one of the proteins deregulate this process at the midpiece-principal piece rived from the Sept4 locus, ARTS, was previously junction by establishing a diffusion barrier, similar to the shown to promote caspase activity through IAP inhibiascribed function of the septin ring in maintaining cell tion, whereas other Sept4 protein isoforms did neither polarity during mitotic division in Saccharomyces cerebind to IAPs nor promote caspase activation and apovisiae ( Sperm suspensions from cauda epididymis were suspended at locus. Recombinant ES cell clones were identified by Southern blot 6.5 × 10 6 cells in noncapacitating medium and capacitated at 37°C analysis and injected into C57BL/6J blastocysts. One of the infor 60 min by addition of 2 mM β-cyclodextrin. Sperm were then jected clones successfully contributed to the mouse germline and washed in capacitating medium containing 0.2 mM Na 3 VO. 1.3 × gave rise to hemizygous animals. F1 mice were then intercrossed 106 cells/lane were subjected to SDS-PAGE and were transferred to generate Sept4 null mice (C57BL/6J;129Sv).
to nitrocellulose for anti-phosphotyrosine blot analysis (Upstate, 4G10, 1:1000). 
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